Introduction
Nanocarbon and composite materials have attracted considerable research attention due to their unique properties and potential applications. Laser ablation of graphite or graphite containing a small amount of metals can produce various nanocarbon structures such as single-walled (SW) (Guo et al., 1995) and multi-walled carbon nanotubes (MWCNTs) (Hirahara et al., 2000) , SW carbon nanohorn (CNH) aggregates (Iijima et al., 1999) and polyhedral graphite (PG) particles (Kokai et al., 2003) . In this chapter, we describe a simple method to form various nanocarbon and composite structures using laser ablation in highpressure Ar gas up to 0.9 MPa, with particular focus on the composite nanostructures. Graphite targets containing metals or compounds (Si, Fe, Co, Ni, Cu, Ag, B 4 C, Y 2 O 3 , La 2 O 3 , and Gd 2 O 3 ) were used as source materials. To effectively form nanocarbon and composite structures by laser irradiation onto the targets at room temperature, we used a continuous wave Nd:YAG laser to eject C and other species with relatively low kinetic energies into the high-pressure Ar gas. As a result, hot C and metal species are confined in a space surrounded by Ar gas. For example, the initial temperature of the vaporized C species was ~5000 °C estimated for laser irradiation from emission spectroscopy (Kokai et al., 2001 ). In addition, emission imaging and shadowgraphic studies implied that vaporized species had low expansion velocities of 10 2 -10 3 cm/s (Kokai et al., 1999) due to the high-pressure Ar gas restricting their expansion. Unlike a laser ablation method combined with an electric furnace for SW and MWCNT growth, where vaporized C and metal species kept at 800-1300°C are essential for an efficient CNT growth (Gorbunov et al., 1999) , the heat sources available for the growth of various nanocarbon and composite structures in this study are laser-ablated C and metal species themselves confined by high-pressure Ar gas. The control of the resident densities and the maintenance of high-temperature of laser-ablated C and metal species, based on adjusting the metal content in graphite and the Ar gas pressure, results in various composite nanostructures with high yields in the deposits. The nanostructures were characterized using scanning electron microscopy (SEM), transmission electron microscopy (TEM), selected area electron diffraction (SAED) and x-ray diffraction (XRD) patterns, and Raman spectroscopy. Depending on the type and content of metals and compounds, characteristic nanocarbon and composite structures such as hybridized SWCNH particles and Cu-or SiC-filled one-dimensional (1D) structures were formed. We discuss the metaldependent growth of the various nanocarbon and composite structures with an emphasis on graphitization processes such as thermal graphitization, catalytic graphitization and vapor-
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The Fe cores in the SWCNH, PLG, and AC particles were smaller than those of the CNCs. In addition to the core particles, small Fe particles often attached with the AC particles (Fig. 1c) . This may be due to a higher concentration of defects in the AC particles. The outer region of one of the hybridized SWCNH particles is magnified in Fig. 2a , showing horn structures, similar to those of unhybridized SWCNH aggregates. The core region is also magnified in Fig. 2b . Graphitic layers cover the core just like in CNCs. These layers ranged in number from 10 to 25. The presence of these layers is similar to the SWCNH particles hybridized with Ni-containing CNCs. Similar graphitic layers were frequently observed as the cores of the PLG and AC particles. To identify the phase of the Fe core in the hybridized SWCNH particle, a SAED pattern and its corresponding lattice image were taken (Fig. 2c) . The SAED pattern consists of two types of patterns: annular rings from graphitic layers and spots from the core. Several sets of spots were superimposed because the core was polycrystalline. Spots diffracted from a grain can easily be distinguished by comparing them in the lattice image. The direction of the spot must be normal to the lattice fringes. The spots, indicated by the arrows in the image, can be assigned to the and (211) reflections of an orthorhombic Fe 3 C crystal according to the data of Joint Committee on Powder Diffraction Standards (JCPDS) a=0.452, b=0.507, and c=0.674 
nm).
The measured d-values calculated from the nominal camera length were 0.198 and 0.188 nm, and the interplanar angle was 76°. These values can not be explained by assuming -Fe orFe phases. The yields of the four products shown in Figs. 1a-d were strongly dependent on the Ar gas pressure and the Fe content in the graphite target. We roughly estimated the yields of the four products by comparing their areas in TEM images measured for several parts in the deposits after laser irradiation. Figure 3 shows the yields of the four products as a function of the Ar gas pressure. Graphite targets containing 20 at.% Fe were used for each laser Fig. 2 . TEM images observed in (a) the outer region and (b) near the core of a hybridized SWCNH particle and (c) the corresponding SAED pattern and lattice image. irradiation. At 0.1 MPa, the major product (~80%) was AC particles hybridized with Fe 3 C particles or Fe 3 C-filled CNCs. As the Ar gas pressure was increased, the yield of the hybridized AC particles decreased, while the yield of the SWCNH particles hybridized with Fe 3 C-filled CNCs significantly increased. At 0.2 MPa, the yield of the hybridized SWCNH particles reached a maximum value of about 70%. Under this condition, almost all of the SWCNH particles contained Fe 3 C-filled CNCs and the yield of unhybridized SWCNH www.intechopen.com particles, which did not contain CNCs, was less than 1%. When the Ar gas pressure was further increased, the yield of the hybridized SWCNH particles decreased and the yield of hybridized PG particles only slightly increased. In an XRD pattern (Fig. 4) of the product obtained from a 20 at.% Fe target at 0.2 MPa, where the hybridized SWCNH particles attained the highest yield, all the peaks, except for the one at 50.5°, were assigned to the reflections of a Fe 3 C crystal. This was consistent with the SAED analysis shown in Fig. 2c . The XRD pattern also indicated that the Fe in the other products (~30%) was also in the carbide phase. We note that when we used Fe-free graphite for laser ablation, the yield of the SWCNH particles was highest at the same Ar gas pressure of 0.2 MPa and the yield of the PLG particles increased with a further increase in the Ar gas pressure. The formation of the SWCNH particles hybridized with Fe 3 C-filled CNCs thus seems to depend on the aggregation of SWCNHs. Figure 5 shows the dependence of the Fe content in a laser-irradiation graphite target on the yields of products. The Ar gas pressure was kept at 0.2 MPa for each laser ablation. As the Fe content increased from 5 at.%, the yield of the hybridized SWCNH particles increased and reached a maximum (~70%) at 20 at.%. For 5 and 10 at.% Fe, unhybridized SWCNH particles were observed and caused a reduction in the yield of hybridized SWCNH particles. After the maximum yield was reached, the hybridized SWCNH particle yield decreased, while the CNC yield increased drastically. In addition to the Fe 3 C-filled CNCs, the number of Fe-filled CNCs, confirmed by an SAED pattern having spots of metallic -Fe, increased. This Fe content dependence indicates that the existence of a suitable amount of Fe relative to the C in an Ar atmosphere is important for forming high-yield SWCNH particles hybridized with Fe 3 C-filled CNCs. The CNC formation in environments of excess Fe hinders the formation of SWCNH particles like the Fe content of 30 at.% of Fig. 5 . The formation of a metal-or carbide-filled CNCs is believed to occur through the precipitation of carbon from a supersaturated molten metal-C particle at a high temperature Saito, 1995) . On the basis of binary phase diagrams of metal and C (Massalski et al., 1990) , the C solubility in a metal particle at a high temperature probably differs significantly depending on the type of metal used. Therefore, we attempted to fabricate hybrid structures of SWCNH particles and CNCs using graphite targets containing various metals. As a result, Co, Ni, and Ag were encapsulated to form hybridized SWCNH particles similar to that of Fe. Their yields were the highest (~70%) under the processing conditions, which were also similar to that used for Fe. For example, a TEM image of a hybridized SWCNH particle and the corresponding SAED pattern of a specimen formed using a graphite target containing 20 at.% Co and an Ar gas pressure of 0.2 MPa are shown in Fig. 6 . According to JCPDS No. 15-0806, the spot indicated by the arrow in the SAED is assigned to -Co (fcc, a=0.354 nm) . Fast quenching may stabilize the meta-stable -phase as was observed in the CNCs (Saito, 1995; Jiao et al., 1996) . An XRD measurement (Fig. 7 ) also supported the quenching. All the peaks were successfully assigned to -Co, except for the peak at 26.6° that reflected from graphite (002). It is important to note that the core was not a carbide but a metal, although the Co-C system contains carbides, such as Co 2 C and Co 3 C just like in the Fe-C system. The Ni and Ag cores were also metals rather than metal carbides. These metallic cores were also covered with graphitic layers, but they were thinner (1-15 layers) than those of the Fe 3 C particles (10-25 layers) . In order to further analyze the detailed structures of the hybridized SWCNH particles, comparative TEM examination was performed for three types of hybridized SWCNH particles synthesized from graphite containing 20 at.% Fe, Co, or Ag (hereafter Fe, Co, and Ag hybrids) (Kokai et al., 2009) . As shown in binary phase diagams (Massalski et al., 1990) , Fe, Co, and Ag have significantly different C solubilities: 25, 4.2, and 0.036 at.%, respectively. From more than 200 samples for each hybridized structure (some samples can be seen in Fig. 8 ), the diameters of the hybrids and the encapsulated CNCs and the thicknesses of the SWCNH layers surrounding the CNCs were measured and compared.
www.intechopen.com Note that large CNCs with diameters up to ~140 nm, which were not surrounded by SWCNHs, were also observed, as in the previous study (Kobayashi et al., 2007) . In addition to d h and d c , the distributions of the SWCNH layer thicknesses (t n ) were also measured for the three hybrids (not shown). The t n values ranged from 15 to 65 nm. The average t n values were In addition to the different d h distributions for the three hybrids and stronger correlation between d h and 2t n , some interesting features were observed regarding the formation mechanism of the hybridized SWCNH particles. Change in the metal contents in the graphite target resulted in the formation of unhybridized products (Fig. 5) . In particular, when the content of the metal in graphite was lower than 20 at.%, we observed both hybrids and unhybridized SWCNH particles. aggregates; the diameters of the unhybridized SWCNH aggregates are less than those of the Fe hybrids. As the metal content in the graphite target was increased from 20 at.%, the numbers of hybrids and SWCNH aggregates decreased and the number of unhybridized CNCs rapidly increased (Fig. 5) . Figure 12b shows a typical TEM image of the products produced at an Ar gas pressure of 0.2 MPa and with an Fe content of 30 at.%. There are many CNCs with diameters of 20-210 nm. The preferable formation of molten metal-C particles probably consumes the carbon source and hinders the formation of SWCNHs into hybrid structures (Fig. 5) . From some of the present findings, we propose a mechanism for hybrid formation, which is based on SWCNHs assembling around a molten metal-C particle as a nucleation core. After laser ablation of graphite containing metal, vaporized hot C and metal species form molten metal-C particles together with many SWCNHs and/or their precursors like graphene patches (Kawai et al., 2002) in a space confined by Ar gas. By using a differential mobility analyzer, the evolution in the size distribution of C particles was analyzed after laser ablation and C particles, 20-120 nm in size, were detected (Cheng at al., 2007) , while the formation of SWCNHs and/or their precursors probably due to thermal graphitization is not clear The strong correlation between the hybrid diameter and the SWCNH layer thickness for Fe, Co, and Ag hybrids ( Fig. 11) suggests that after the SWCNHs with a certain range of lengths are formed, they aggregate around molten metal-C particles with a certain range of diameters. The contribution of only small CNCs (Figs. 9b and 10) to the hybrid formation suggests that the mutual interaction among SWCNHs near the center of the hybrid structure plays a crucial role in maintaining the resultant aggregate structure, while CNCs with diameters of 20-210 nm were formed. The increase in the numbers of covering graphitic layers due to the annealing of the CNCs at 600-1100°C (Jiao & Seraphin, 1998) and the graphitization of carbon (diamond and AC) by metal (catalytic graphitization) at 600-1000°C (Yudasaka et al., 2002) indicates that C precipitation, which leads to the formation of CNCs in SWCNH aggregates, occurs after SWCNH assembly. The growth of the hybridized SWCNH particle involves two graphitization processes, one thermal and the other catalytic. and C polyhedra filled with carbide particles dependent on the Ar gas pressure (Kokai et al., 2008) . For example, Fig. 13 shows a TEM image of the product made from graphite containing 20 at.% Y 2 O 3 at an Ar gas pressure of 0.1 MPa. Sea-urchin type SWCNTs, which are radially arranged around a catalytic particle as formed in a previous study using an arc discharge method , are grown from a yttrium carbide particle with a diameter of ~20 nm. The SWCNTs were short, with lengths up to only ~50 nm. With increasing Ar gas pressure, the formation of C polyhedra filled with carbide particles was prominent. Figure 14 shows a TEM image of the product made from graphite containing 20 at.% Y 2 O 3 at an Ar gas pressure of 0.2 MPa. Many carbide filled polyhedra are seen with sizes of 100-500 nm. Figure 15 shows a magnified TEM image and the corresponding SAED pattern of a polyhedron, indicating the formation of a PG particle having facets (Kokai et al., 2003) filled with a YC 2 crystallite particle according to JCPDS No. 11-0602. The diameters of the YC 2 particles were in the range of 30-150 nm. Compared to the diameters of the CNCs in hybridized SWCNH particles, larger YC 2 particles were included in the PG particle. The morphologies of the SWCNTs and PG particle are quite different from those of hybridized SWCNH particles. The solubilities of C in liquid La and Y are very high, 42.9 and 70 at.%, respectively. The solubility of C in liquid Gd has not been reported, but Gd is known to form a carbide (GdC 2 ). Therefore, we believe that liquid-like molten metal-C particles are easily formed for these metals after laser ablation. For the growth of sea-urchin type SWCNTs under a relatively low Ar gas pressure condition, we believe that VLS growth, originally proposed to grow Si wires (Wagner & Ellis, 1964) , play an important role through C dissolution, diffusion, and precipitation at the molten particles. The surface curvatures of the molten particles may change at the nucleation stage o f S W C N T s , a s r e p o r t e d f r o m i n s i t u observation of the dynamic deformation of metal particles resulting in a structure having a protrusion at the nucleation stage of a CNT (Hofmann et al., 2007; Yoshida et al., 2008) . A SWCNT diameter may be determined by the size and shape of the highly curved structure at a molten particle that is saturated with C, resulting in a lift-off of a C cap to start the growth of a SWCNT. Unlike the SWCNTs grown efficiently from a graphite containing a small amount (~ 1 at.%) of Ni/Co as a catalyst (Guo et al., 1995; Yudasaka et al., 1997) , the solubilities of C in liquid La, Gd, and Y, higher than those of Ni (2.7 at.%) and Co (4.2 at.%), are thought to govern the sea-urchin type SWCNT growth from a large (>20 nm) molten carbide particle. For the formation of PG particles in laser ablation of pure graphite, high-temperature C species with a high resident density, established by confining C species with high-pressure Ar gas (0.5-0.9 MPa), are required (Kokai et al., 2004) . In addition, PG particles were easily produced in the presence of 1 at.% Si or B in Ar gas, even at a low pressure of 0.1 MPa . It was speculated that Si and B atoms could bind to a C atom and act as a seed to enhance the formation of C clusters. Similar to the behavior of Si and B atoms, carbide-filled PG particles in the presence of La, Gd, and Y may be grown by assembling C clusters around molten metal-C particles followed by graphitization at high-temperature in the range of 2000-3000 °C.
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MWCNTs and BC-filled CNCs from graphite containing B 4 C
Unlike laser ablation of graphite containing Fe, Co, and Ag, the laser ablation of graphite containing B 4 C produced deposits containing MWCNTs with a high yield. The growth of MWCNTs was attempted by laser ablation combined with an electric furnace (Hirahara et al., 2000; Sabbaghzadeh et al., 2009) ; however, the dominant product was a CNC and the conditions for the nucleation and growth of MWCNTs by laser ablation are still not known well. Figure 16 shows typical SEM and TEM images of the deposit obtained by laser ablation at a B content of 20 at.% in the target and at an Ar gas pressure of 0.1 MPa. In the SEM image (Fig. 16a) , relatively straight 1D structures are seen together with particle-like products. Some of the 1D structures are up to 30 μm long. In the TEM images (Figs. 16b and 16c) , the 1D structures are hollow MWCNTs. In the higher resolution TEM micrograph (Fig. 16c) , a MWCNT with a 29 nm in diameter is observed. The MWCNT is composed of 31 graphitic layers with interlayer spacings of ~0.35 nm, indicating fairly good graphitization. As seen in Figs. 16b and 16d, particle-like products, small graphitic C particles and boron carbide (BC) particles encapsulated in CNCs, were also generated together with the MWCNTs. However, hybridized SWCNH particles observed for Fe-, Co-, and Agcontaining targets, were not present in the deposit. Further SEM and TEM studies on deposits produced by laser ablation under different conditions indicated that the fractions of MWCNTs in the deposits were highly sensitive to the B content in the graphite and the Ar gas pressure. The fractions of MWCNTs were roughly estimated by areas in TEM images for several parts in the deposit. Figure 17a shows the MWCNT fraction versus the B content. A constant Ar gas pressure of 0.1 MPa was used for the laser ablation. The MWCNT fraction is higher (50-60%) at B contents of 20-30 at.%. This fraction is much higher than previous studies using a nanosecond pulsed laser and an electric furnace (Hirahara et al., 2000; Sabbaghzadeh et al., 2009) . For the B contents lower and higher than 20-30 at.%, the MWCNT fraction decreased. In the lower B contents (1-10 at.%), small graphitic and PG particles were mainly produced. In the higher B contents (50-60 at.%), the major products were large BC-filled CNCs. Compared with the efficient growth of SWCNTs where the catalyst Ni/Co content in graphite is ~1 at.% (Guo et al., 1995; Yudasaka et al., 1997) , the B content of 20-30 at.% in graphite for the optimum growth of MWCNTs is significantly different. Figure 17b shows the MWCNT fraction versus the Ar gas pressure. A constant B content of 20 at.% was used for the laser ablation. The MWCNT fraction shows a maximum (~60%) at 0.1 MPa. For Ar gas pressures lower and higher than 0.1 MPa, the MWCNT fraction decreases. At higher Ar gas pressures, large particles such as a PG particle and BC-filled CNCs, and thick rod-like whiskers were observed. At a low Ar gas pressure of 0.05 MPa, the major product was AC particles. The optimum Ar gas pressure of 0.1 MPa for the MWCNT growth is slightly higher than that of 0.07-0.08 MPa for the SWCNT growth (Guo et al., 1995; Yudasaka et al., 1997) . We measured the diameters of more than 150 MWCNTs under each laser ablation condition. The diameter of the grown MWCNTs ranged from 7 to 70 nm. Similar to previous observations (Hirahara et al., 2000) , the presence of two types of BC particles, one encapsulated in CNCs (Fig. 16d ) and another at a tips of MWCNTs, was confirmed in the present study. Figure 18a shows a TEM image showing a spherical BC particle about 39 nm in diameter at a tip of a MWCNT. In addition to the spherical BC particle, BC particles with various shapes such as ellipsoidal and elongated ones were observed as shown in Fig. 18b . Figure 18c shows a high-magnification TEM image of the portion of a BC particle surrounded by graphitic layers. Lattice fringes with spacings of 0.23 and 0.37 nm were observed and assigned to the distances between (021) and (012) planes in the B 4 C crystal on the basis of the data of JCPDS No. 6-0555. The corresponding SAED pattern consists of two types: annular rings from surrounding graphene layers and spots from the BC core. Spots assigned to the (012) and (021) reflections of the B 4 C crystal are seen. On the other hand, Figure 18d shows a high-magnification TEM image of a BC particle encapsulated in a CNC, where lattice fringes with spacings of 0.23 and 0.37 nm were also observed. The diameter distributions of the two types of BC particles were compared (Hirahara et al., 2000) . The diameters of the BC particles at MWCNT tips were 1-8 nm, while those of the BC particles in CNCs were 2-23 nm. As a result, they concluded that smaller BC particles seemed to be indispensable for the tubular growth and their critical diameter was found to be ~5 nm. In the present study, a similar tendency in diameters for the formation of MWCNTs and CNCs was observed in the two types of BC particles. Figure 19 shows diameter distributions of the two types of BC particles obtained for laser ablation at an Ar gas pressure of 0.1 MPa and a B content of 20 at.%. The diameters of BC particles at MWCNT tips and in CNCs are 10-100 nm and 20-280 nm, respectively. In this study, BC particles much larger than those of 1-8 nm seem to contribute to the growth of MWCNTs with large diameters up to 70 nm.
www.intechopen.com As previously proposed (Hirahara et al., 2000) , a B (in the form of BC) catalyzed growth mechanism of MWCNTs is considered because MWCNT tips encapsulating BC particles were also observed in the present study. However, much larger molten BC particles (10-100 nm) are thought to act as seeds at high temperature to grow MWCNTs that have up to 80 graphitic walls. The sizes of the catalyst particles were found to be crucial in terms of controlling the diameters and wall numbers to synthesize SW and MWCNTs in thermal chemical vapor deposition (Cheung et al., 2002) . Other research groups have made similar observations (Li et al., 2001; Nerushev et al., 2003; Rümmeli et al., 2007) . In the present laser ablation synthesis of MWCNTs, the B content in the graphite target and resident densities of laser-ablated B and C species confined by ambient Ar gas play an important role in determining the size of molten BC particles. Unlike the thin SWCNT grown efficiently from a graphite target containing ~1 at.% Ni/Co, the observed optimum B amount of 20-30 at.% in the target (Fig. 17a) is consistent with the growth of MWCNTs with large diameters. The VLS mechanism is thought to play a role in the growth of these MWCNTs, similar to the sea-urchin type SWCNTs in Section 3.2. The VLS growth of MWCNTs consists mainly of a three-part process: C is dissolved into a molten BC particle, diffused through the bulk and/or surface of the particle, and precipitated from the particle. According to the binary phase diagrams (Massalski et al., 1990) , B has an eutectic temperature of 2375°C, which is much higher than those of Ni (1326.5°C) and Co (1320°C). B also has a C solubility (24.3 at.%) higher than those of Ni (2.7 at.%) and Co (4.2 at.%). Therefore, MWCNTs, which accompany the precipitation of large amounts of C are thought to be grown efficiently on large molten BC particles at temperatures higher than that (800-1300°C) for SWCNTs (Gorbunov et al., 1999) . Although the actual temperature needed for C precipitation to form MWCNTs is not clear, temperatures up to ~2400°C may create favorable conditions for efficient MWCNT growth. Various shapes of BC particles observed in MWCNT tips such as spherical and elongated particles suggest that the surface curvatures of molten BC particles changes at the nucleation stage of MWCNTs as reported from in situ observation of the dynamic deformation of metal particles (Hofmann et al., 2007; Yoshida et al., 2008) . A MWCNT diameter may be precisely determined by the size and shape of the highly curved structure resulting in a lift-off of a C cap. Compared with the sizes of the two types of BC particles observed previously (Hirahara et al., 2000) , much larger BC particles (10-280 nm) were observed at tips of MWCNTs (10-100 nm) and in CNCs (60-280 nm) in the present study (Fig. 19) . In addition to the importance of the size of the molten BC particle for tubular growth (Hirahara et al., 2000) , successive occurrence of the C dissolution-diffusion-precipitation process suitable for molten BC particles with specific sizes is thought to be indispensable for tubular growth. The growth of MWCNTs up to 70 nm in diameter may be governed by the action of molten BC particles with specific sizes. In addition to the B content in the target, the ambient Ar gas pressure also influence determining the sizes of BC particles. The C supply to the BC particles and its successive diffusion and precipitation are also influenced by Ar gas pressure, resulting in varying yields, diameters, and lengths of MWCNTs. Since larger molten BC particles could maintain C during the C supply, CNCs may form due to C not being precipitated at the high temperatures effective for the MWCNT growth. The formation of MWCNTs and CNCs is thought to relate to the balance among complex factors such as the resident densities of C and B species, C solubility in B particles, and the rates of C dissolution, diffusion, and precipitation. To form CNCs, C precipitation from core BC particles is believed to occur at the temperature lower than those to grow MWCNTs.
Cu-filled CNTs and CNCs from graphite containing Cu
Depending on the Ar gas pressure and Cu content, the deposits showing different morphologies were obtained (Kokai at al., 2009a) . Figure 20 shows typical SEM images of deposits obtained at Ar gas pressures of 0.1, 0.5, and 0.9 MPa. Graphite targets with a constant Cu content of 20 at.% were used for laser ablation. As seen in Fig. 20a , sphere like particles with diameters of 30-130 nm were dominant at lower pressure regions of Ar gas (0.1-0.3 MPa). With increasing Ar gas pressure up to 0.9 MPa, the size of the particles was increased and the deposits became to contain straight 1D structures in addition to the sphere like particles (Figs. 20b and 20c) . TEM observation indicated that the sphere like particle obtained at lower Ar gas pressures were mainly composed of AC and SWCNH particles. Both particles include CNCs filled with Cu like the products shown in Section 3.1. Figure 21a is a typical TEM image of SWCNH particles, revealing diameters of 80−150 nm, including Cu-filled CNCs (dark areas). Figure 21b shows a TEM image observed near a core Cu particle of a SWCNH particle. Two graphitic layers with an interlayer spacing of about 0.34 nm are seen around the Cu particle as indicated by an arrow. The fraction of the hybridized SWCNH particles was ~70% at an Ar gas pressure of 0.2 MPa and with a Cu content of 20 at.% in the target. Figure 22a is a typical TEM image of the deposit obtained at an Ar gas pressure of 0.9 MPa, which consists of 1D structures and sphere like particles. As seen in Fig. 22b , highmagnification TEM images of the 1D structures showed composite structures consisting of Cu nanowires with diameters of 18-20 nm surrounded by graphitic layers. The interlayer spacing in the graphitic layers is in the range 0.34-0.35 nm, which is slightly larger than that of graphite. Cu nanowires with up to seven graphitic layers were observed and Cu nanowires with 1-3 graphitic layers were dominant. Unlike previous studies using arc discharge, thermal chemical vapor deposition, and so on (Setlur et al., 1996; Tao et al., 2006; Haase et al., 2007) , in which both filled and unfilled CNTs were observed in deposited samples, in the TEM observation of more than 300 Cu-filled CNTs, unfilled or intermittently filled CNTs were not observed and all the grown CNTs contained Cu from root to tip. Further characterization of the encapsulated Cu nanowire was carried out by the measurements of a high magnification TEM image and a SAED pattern (Fig. 23) . According to JCPDS No. 4-0836, in the TEM image of a Cu wire, lattice fringes with spacing of 0.21 nm are seen corresponding to the distance of the Cu (111) planes. Also, in the SAED pattern, reflections assigned to graphite (002) and Cu (111), (200), and (220) planes are observed. These observed characteristics indicate the encapsulated Cu nanowire forms a polycrystal with a fcc structure. The fcc structure is predicted for a Cu nanowire encapsulated in a CNT by a theoretical study (Choi et al., 2003) . TEM examination of outer regions of the sphere like particles formed together with Cu-filled CNTs indicated that the particles were Cu-filled CNCs (Fig. 24) . Cu is known as an element, which is not easily encapsulated in CNCs compared to other metals such as Co and Ni . A few studies (Lin et al., 1994; Jiao & Seraphin, 1998; Athanassiou, et al., 2006) showed that Cu nanoparticles are coated by only 3−4 graphitic layers. The Cufilled CNCs in our study showed 3−9 graphitic layers. Thin graphitic layers were continuously curved to form spherical shell structures (Fig. 24a) . Some thicker graphitic layers had flat sides joined at angles of 130°−150° (Fig. 24b) . In addition to the Ar gas pressure, we found the Cu content in the graphite target was also crucial for growing Cu-filled CNTs. Deposits obtained at different Cu contents at a constant Ar gas pressure of 0.9 MPa were investigated by TEM. As seen in Fig. 25a , when Cu content was 1 at.%, Cu-filled CNTs were not formed and the major product was PG particles with diameters of 100-600 nm, similar to the product from the laser ablation of pure graphite (Kokai et al., 2003) and graphite containing 1 at.% Si or B . With increasing the Cu content, Cu-filled CNTs were formed together with Cu-filled CNC with diameters of 10−120 nm (Fig. 25b) . The yield of Cu-filled CNTs became a maximum around 20-30 at.% of the Cu content as shown in Fig. 22a . However, further increase in the Cu content led to a decrease in the yield of Cu-filled CNTs and the major products were Cu-filled CNCs. It is a unique feature that no unfilled CNT is seen even for low Cu content and all the grown CNTs contain Cu nanowires. An interesting morphological feature of the Cu-filled CNTs in this work is that the diameter distribution is extremely narrow. The histogram shown in Fig. 26 is the diameter distribution of Cu-filled CNTs obtained from TEM images taken for more than 300 Cu-filled CNTs. The Cu-filled CNTs show uniform diameters ranging from 10 to 50 nm, and their mean diameter was calculated to be 19.8 nm. For comparison, the diameter distribution of Cu-filled CNCs is also shown in Fig. 26 , and their diameters are 10-160 nm (59.7 nm mean diameter). The lengths of the Cu-filled CNTs ranged from 0.5 to 3 μm and their fraction was found to be approximately 60% in the total deposit from SEM and TEM examination of the deposit produced by using a graphite containing 20 at.% Cu at an Ar gas pressure of 0.9 MPa. To understand the possible growth mechanism for these unique Cu-filled CNTs, their edges were carefully examined by TEM. As shown in Fig. 27a , straight Cu-filled CNT structures, possessing sphere like particles at their edges, were observed. As seen in Fig. 27b , graphitic layers similar to those covering Cu nanowires were observed for the sphere like particles. The presence of the sphere like particles indicates the contribution of molten particles to form the Cu-filled CNTs. However, a well-known VLS mechanism (Wagner & Ellis, 1964) does not seem to act because of the absence of catalytic particles at the edges of the Cu-filled CNTs. In addition, formation mechanism of metal-filled CNT based on the growth of CNTs and simultaneous metal filling proposed for an arc discharge process (Demoncy et al., 1998) can not be applied because unfilled CNTs were not present. CNTs completely filled with Cu nanowires are preferentially fabricated together with Cu-filled CNCs in a high pressure Ar gas environment of 0.9 MPa. In the space confined by Ar gas of high pressure such as 0.9 MPa, the collisions between C and Cu species are expected to be enhanced, although the exact size and feature of C and Cu species are not clear. We believe that strong interaction between C and Cu species results in the formation of molten Cu-C particles with unusually C-rich compositions at elevated temperature, while C interaction www.intechopen.com with Cu at normal atmospheric pressure is known to be weak (binding energy of 0.1-0.144 eV/atom Tao et al., 2006) ) and the C solubility is very low (0.04 at.%) (Massalski et al., 1990) . From the formation of Cu-filled CNTs together with CNCs including larger Cu particles and a narrow diameter distribution of Cu-filled CNTs (Fig. 26) , we propose that molten Cu-C composite particles with certain small sizes play a crucial role in the formation of Cu-filled CNTs. The unusual composition of C and Cu, probably a C-rich one, in the molten particles and successive supply of C and Cu to the molten particles result in the precipitation of C and Cu. The growth of a Cu-C 1D composite structure followed by phase separation to form graphitic layers around the Cu nanowires finally leads to formation of Cu-filled CNTs. Escaping from unusually C-rich state for strain relaxation may be a driving force to precipitate C and Cu without the need of a catalyst.
SiC platelets and nanowires and SiC-filled MWCNTs from graphite containing Si
Deposits exhibiting particle and 1D structures with amorphous and crystalline features were observed for various Si content (5-70 at.%) and Ar gas pressure (0.05-0.9 MPa), instead of hybridized SWCNH particles. Figure 28 shows a typical TEM image of a deposit produced at an Si content of 20 at.% and an Ar gas pressure of 0.05 MPa. Sphere-like and irregular shaped amorphous particles with sizes of 5-150 nm are seen. Fig. 28 . TEM image of a deposit produced at Si content of 20 at.% and Ar gas pressure of 0.05 MPa.
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An increased Si content resulted in platelet-like particles. Figure 29a shows a TEM image of a deposit produced at an Si content of 60 at.% and an Ar gas pressure of 0.05 MPa. Triangular and hexagonal platelet-like particles with sizes of 50-300 nm are seen together with sphere-like and irregular shaped particles. In the SEM image of the deposit as shown in Fig. 29b , cross sections of some platelets were observed and indicated the platelet thicknesses were in the range of 30-60 nm. The high-magnification TEM image of the platelet-like particle shown in Fig. 29c reveals lattice fringes of a spacing of 0.25 nm assigned to the (111) planes of cubic -SiC based on the data of JCPDS No. 1-1119. The SAED also shows a typical pattern of the -SiC phase consisting of spots forming a hexagon. These results suggest that the {111} crystal plane is the basal plane. Figure 30a shows a Raman spectrum of the deposit containing the platelet-like particles. Figure 30b shows the Raman spectrum in the 750-850 cm -1 region of Fig. 30a in the enlarged scale. Three peaks are seen at 520, 789, and 970 cm -1 . From previous Raman spectroscopic studies of SiC films (Chehaidar et al., 2001; Hu et al., 2004; Xu et al., 2005) , the two weak bands at 789 and 970 cm -1 are assigned to those due to transverse and longitudinal optical phonon modes of SiC. However, the strong band observed at 520 cm -1 is attributed to an SiSi transverse optical phonon mode. The weak band observed at 970 cm -1 is probably overlapped with a band due to the second order Si-Si longitudinal optical phonon mode. These results lead us to believe that nanoparticles of Si and/or Si-rich SiC exist in addition to crystalline SiC platelets in the deposit, while the scattering intensity of the Si-Si band at 520 cm -1 relative to that of the SiC band at 789 cm -1 is much higher. Similar hexagonal crystalline SiC platelets were synthesized using an autoclave heated at 350-500 ºC for 20-40 h (Ju et al., 2009 ). The formation of hexagonal platelets was thought to be due to the www.intechopen.com preferential development of {111} and {110} planes of crystalline SiC. We believe that a similar development of {111} and {110} planes is involved in the growth of triangular and hexagonal SiC platelets by assembling a suitable amount of Si and C species after laser ablation. Further increased Si content and Ar gas pressure resulted in 1D nanostructures with different thicknesses, lengths, and linearities (Kokai et al., in 2010) . Using SEM, TEM, SAED, and Raman spectroscopy for the 1D nanostructures, we found that there were two types of 1D nanostructures: (1) an amorphous SiC nanowire and (2) a MWCNT filled with a crystalline SiC nanowire. Figure 31a shows a TEM image of the thin 1D nanostructures grown at an Si content of 70 at.% and an Ar gas pressure of 0.1 MPa. Curved nanowires can be observed. A further magnified TEM image (Fig. 31b) indicates an amorphous feature. Nanowires with diameters of 5-30 nm were observed. The diameter distribution obtained from the measurement of more than 200 samples is shown in Fig. 31c . Nearly 80% of the nanowires have diameters of 10-20 nm; the average diameter is 16 nm. The lengths of the nanowires were 0.5-2 μm from the observation of SEM images. Figure 32 shows Raman spectra of the deposit including curved 1D nanostructures. Similar to the Raman spectra of Fig. 30 , three peaks are seen at 520, 795, and 973 cm -1 . Compared to the intensity distribution in Fig. 30 , the intensity of the band at 795 cm -1 relative to those of other two bands is decreased. Therefore we conclude the 1D nanostructure is an Si-rich amorphous SiC nanowire. The presence of the strong band at 520 cm -1 may indicate that nanowires composed of only Si are also included in the deposit. With further increase of the Ar gas pressure, we found an increase in the amount of 1D nanostructures relative to the particles in the deposits. Figure 33a shows a typical TEM image of a deposit produced at an Si content of 70 at.% and an Ar gas pressure of 0.9 MPa. Straight and thick 1D nanostructures are seen. Figure 33b shows a higher-magnification TEM images of a 1D nanostructure. The different light and dark contrast observed in the 1D nanostructure indicates a coaxial structure of two different compositions. The TEM image of the outer portion seen in Fig. 33c indicates the presence of graphitic layers with an interlayer distance of ~0.35 nm. The TEM image focusing on the core seen in Fig. 33d exhibits lattice fringes of a spacing of 0.25 nm assigned to the (111) planes of cubic -SiC as seen in Fig. 29c . The SAED also shows a typical pattern of the -SiC phase. These results indicate the 1D nanostructure is a MWCNT filled with a crystalline SiC nanowire. The lengths of the SiCfilled MWCNTs were 2-20 μm from the observation of SEM images. Figure 34 shows two Raman spectra observed in two different Raman shift regions for a deposit including the straight and thick 1D nanostructures. Similar to the Raman spectra of Figs. 30 and 32, three bands are observed at 519, 789, and 969 cm -1 in the region of 300-1100 cm -1 . Like the typical Raman spectrum of MWCNTs synthesized using arc discharge and thermal chemical vapor deposition (Enomoto et al., 2006) , two bands assigned to D and G bands are observed at 1356 and 1583 cm -1 , respectively. A further detailed structure of the SiC-filled MWCNT was investigated by the measurement of the outer and SiC diameters of more than 200 SiC-filled MWCNTs. Figure 35a shows the distribution of the outer diameters of SiC-filled MWCNTs. The diameters range from 10 to 60 nm. More than 80% of the diameters are 20-40 nm; the average diameter is 32 nm. Figure  35b shows the distribution of the diameters of crystalline SiC nanowires encapsulated in MWCNTs. The diameters range from 15 to 50 nm, of which more than 80% of the diameters are 10-30 nm and the average diameter is 21 nm. These results indicate that the thicknesses of the graphitic layers of the MWCNTs are 2-9 nm (5-26 layers).
Unlike the thin amorphous SiC nanowires produced at an Ar gas pressure of 0.1 MPa, high Ar gas pressures of 0.5-0.9 MPa were essential for the formation of crystalline SiC-filled MWCNTs. The SiC-filled MWCNTs produced at low Si contents (30-50 at.%) were short and bending, probably due to the presence of defects. Increasing the Si content up to 70 at.%, enables the formation of straight and long SiC-filled MWCNTs. We checked more than 300 SiC-filled CNTs with TEM and found there were no MWCNTs without SiC filling from root to tip. To understand the possible growth mechanisms for the two 1D nanostructures, their ends were carefully examined with TEM. For the amorphous SiC nanowires, sphere-like particles with uniform diameters of 25-30 nm were observed at their tips as shown in Fig. 36a . Some of the sphere-like particles are also seen in Fig. 31a as dark contrast portions. Figure 36b shows a high-magnification TEM image of a sphere-like particle, revealing that the spherelike particle has an amorphous feature similar to the portion of the SiC nanowire as seen in Fig. 31b . On the other hand, for crystalline SiC-filled CNTs, angular polyhedron-like particles with sizes (100-400 nm) larger than the sphere-like particles were observed as shown in Figs. 36c and 36d . Figure 36e shows a high-magnification TEM image of the outer portion of a polyhedron-like particle, revealing that the particle is wrapped with graphitic layers as seen in the crystalline SiC-filled CNTs (Fig. 33c) . The particle structure wrapped with graphitic layers at the tip is similar to that of the Cu-filled CNT in Section 3.4. The presence of these sphere-and polyhedron-like particles indicates the contribution of liquid-like molten particles in the nucleation and continuous growth of the two 1D nanostructures. Similar to Cu-filled CNTs, catalyst materials are not present at the tips. When we used a Si powder of 99.999% purity instead of a 99% purity Si powder for laser-irradiation targets, same two types of 1D structures were formed. We measured x-ray photoelecton spectra of the deposits containing two 1D structures and detected Si, C, and O elements. However, other elements were not detected within the detection limit of 0.1 at.%. Therefore, the conventional VLS mechanism can not be applied for the growth of the two 1D nanostructures. Furthermore, an oxide-assisted growth mechanism , proposed for Si and other nanowires together with the observation of oxide cover layers, and the conversion of CNTs to SiC nanowires (Dai et al., 1995 : Ye et al., 2005 do not seem to contribute to the growth of these two 1D structures. We speculate that the somewhat different driving forces that nucleate the two 1D nanostructures are induced in the Si-containing molten particles without a catalyst. The yields and linearity of the two 1D nanostructures were strongly dependent on the compositions of Si and C in the laser-irradiation targets and Ar gas pressure. Therefore, Si-C molten particles with specific compositions, governed by the resident densities and temperatures of Si and C and their supply to the Si-C molten particles are thought to self-catalytically contribute the precipitation of Si and C to form the 1D nanostructures. We suggest that the instability of molten Si-C particles occurred together with the successive supplies of Si and C and resulted in Si and C precipitation. Silicon-rich molten particles may contribute to the formation of amorphous SiC nanowires as proposed in the formation of submicrometer SiC whiskers by the carbothermal reduction of silica at ~1500°C (Belmonte et al., 1996) . Compared to the formation of amorphous SiC nanowires, ablated C and Si species with higher resident densities contribute to the growth of crystalline SiC-filled CNTs over a longer time at high temperature due to the stronger confinement of ablated Si and C, like the formation of PG particles and Cu-filled CNTs. This may result in the growth of a Si-C nanostructure followed by phase separation to form the outer graphitic layers. From the shapes of the tips and the grown SiC-filled CNTs in Figs. 36c and 36d, the deformation of the molten particles (formation of protrusion-like structures), as reported in-situ TEM images for the formation of CNTs (Hofmann et al., 2007; Yoshida et al., 2008) , may be involved in the nucleation of Si-C nanostructures. The graphitic-layer-covered polyhedron-like shapes of the tips formed after growth of the SiCfilled CNTs probably results from the formation of crystalline SiC with facets of 50-300 nm.
Conclusion
We have presented a simple method to form various nanocarbon and composite structures using laser ablation in high-pressure Ar gas up to 0.9 MPa. Graphite containing Si, Fe, Co, Ni, Cu, Ag, B 4 C, La 2 O 3 , Gd 2 O 3 , or Y 2 O 3 was used as a source material. The laser ablation of graphite containing Fe, Co, Ni, and Ag enabled the high yield (~70%) fabrication of hybridized SWCNH particles including metal-or carbide-containing CNCs. Other byproducts such as CNCs and hybridized PLG particles were also observed. For La 2 O 3 , Gd 2 O 3 , and Y 2 O 3 , hybridized SWCNH particles were not observed. Instead, products such as seaurchin-type SWCNTs and PG particles including carbide particles were formed. Unlike the addition of these metals and compounds to graphite, different products were observed for B 4 C, Cu, and Si by adjusting the Ar gas pressure and additive content. For B 4 C, in addition to CNCs containing BC, MWCNTs were grown with a high yield of ~60%. For Cu, in addition to hybridized SWCNH particles including Cu-containing CNCs, CNTs filled with polycrystalline Cu nanowires were formed. For Si, three characteristic Si-C nanostructures, i.e., SiC platelets, amorphous SiC nanowires, and CNTs filled with crystalline SiC nanowires, were formed. Unlike previous work on the formation of CNTs filled with metals and compounds, the present method involves a high-pressure Ar gas of 0.9 MPa and has a unique feature in that all the grown CNTs contained Cu or SiC nanowires and no empty CNTs were present in the deposits. We have discussed the metal-dependent efficient growth of various nanocarbon and composite structures from high-temperature C and metal species confined by Ar gas. The co-existence of SWCNHs formed by thermal graphitization and smaller molten C-metal particles is probably essential to the formation of hybridized SWCNH particles; otherwise, the formation of CNCs and other structures are promoted. The strong correlation between the hybrid diameter and SWCNH layer thickness for Fe, Co, and Ag hybrids suggests that after SWCNHs with a certain range of lengths are formed, they aggregate around molten metal-C particles with a certain range of diameters. The C precipitation by catalytic graphitization, which leads to the formation of CNCs in SWCNH aggregates, occurs after SWCNH assembly. The VLS mechanism is thought to play a role in the growth of sea-urchin type SWCNTs and MWCNTs through C dissolution, diffusion, and precipitation. The nanostructures (diameters and wall numbers) of the SW and MWCNTs may be precisely determined by the sizes and shapes of the highly curved structures at molten C-catalyst particle, which results in lift-offs of C caps. The B-catalyzed MWCNT and CNC formation is thought to relate to the balance among complex factors such as resident densities of C and B species, C solubility in B particles, and rates of C dissolution, diffusion, and precipitation. The presence of sphere-and polyhedron-like particles at the tips of grown 1D nanostructures of Cu-filled CNTs, SiC nanowires, and SiC-filled CNTs indicates the contribution of liquid-like molten particles in the nucleation and continuous growth of these 1D nanostructures. A catalyst-free unconventional VLS mechanism, in which self-catalytic action in molten Cu-C and Si-C particles that is dependent on their compositions may be involved, plays a significant role in the growth of the 1D nanostructures. Although the details of the growth mechanisms proposed here are not clear, we believe that the present method using a high-pressure gas atmosphere can be extended to the growth of nanowires of other metal and semiconducting materials. Applications such as drug delivery, catalyst supports, spot welding, thermal management, and structural devices are expected in the future by using such nanocarbon and composite materials.
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